The amount of light intercepted by vertically oriented, shingle leaves of juvenile Monstera tenuis vines growing in forest understory was compared to the amount of light the leaves would intercept if they were horizontal. Light levels were monitored using quantum sensors and hemispherical photography. Shingle leaves absorb less light than they would if the leaves were horizontal at the same positions, and the difference increases with height in the forest. Modeling based on measured photosynthetic light responses and light interception suggests that at 1 m height, 75% more carbon could be gained if leaves were horizontal instead of vertical. Because the vertical leaf orientation reduces light interception, other selective factors are likely of greater importance in favoring the evolution of the shingle-leaved growth form.
In juveniles of certain heteroblastic tropical vines, such as Monstera tenuis C. Koch, M. siltepecana Matuda, and other Monstera taxa, the leaves grow tightly appressed against the substrate they are climbing, usually a tree (Madison, 1977; Ray, 1983) . Although the ''shingle plant'' growth form is highly developed in the family Araceae ( Fig. 1) , it is also found in diverse taxa including Marcgravia, Metrosideros, Hoya, Conchophyllum, and Ficus (Madison, 1977; Lee and Richards, 1991) . Despite the widespread occurrence of the phenomenon, the functional ecology of shingle leaves is not well understood.
Juveniles of Monstera tenuis are usually found in forest understory where light levels are very low, light is predominantly diffuse, and leaves are usually displayed horizontally. Regardless of the function of shingle leaves, their vertical orientation should exact a cost in terms of reduced light absorption and carbon gain relative to horizontal leaves. The relative advantage of horizontal leaves, however, may be moderated by shade from the tree that the vine is climbing. Givnish and Vermeij (1976) hypothesized that the function of shingle leaves is to display the photosynthetic surface away from the shade of the tree trunk.
In this study, we compared the amount of light intercepted by in situ, vertical leaves of Monstera tenuis with the amount of light the leaves would intercept if they were horizontal. Using photosynthetic light response curves, we then modeled the potential carbon gain for both vertical and horizontal leaf orientations to test the hypothesis that horizontal leaves would have higher carbon gain than shingle leaves.
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MATERIALS AND METHODS
This study was conducted at the La Selva Biological Station of the Organization for Tropical Studies in the Atlantic Lowlands of Costa Rica (83Њ59ЈW, 10Њ26ЈN). The site has been described in detail in McDade et al. (1994) . The study plants were located in the understory of a 30-yr-old, second-growth forest in an abandoned cacao orchard on alluvial terrace soils. Measured plants were selected along a transect 150 m long with no obvious gaps.
Light environments were assessed in February and March 1987 with a seven-channel micrologger (Campbell CR21, Campbell Scientific, Logan, UT) using GaAsP photodiodes for quantum sensors (Gutshick et al., 1985; Oberbauer, Clark, and Clark, 1988) . Photosynthetic photon flux densities (PPFD) were measured at different heights using pairs of light sensors, one vertical, therefore parallel to a Monstera leaf, and one horizontal, in the position approximately in the center of where the Monstera leaf would have been if it were horizontal. Pairs of sensors were placed at 0.5, 1.0, and 1.5 m above the ground. An additional sensor was placed vertically at 2.0 m. Plants were monitored for 2 to 3 d before the sensors were moved to another plant. Measurements were limited to plants with healthy shingle leaves present across the height range of 0.5-2.0 m. As a result, only plants with the terminal meristem lower than 3 m were measured. Measurements were repeated for a total of 11 plants growing on different trees. Plants were selected by using the next plant of the appropriate size along the transect. Plants usually occurred within 10-20 m of a previously measured plant.
Sensors were scanned at 1-min intervals and data were stored as 0. 
·s
Ϫ1 bins were collected for all pairs of sensors. Both data sets produced similar results, and data from the daylight hours of the second set are presented here.
To estimate carbon gain under the PPFD regimes measured above, a light response curve of photosynthesis was measured for each of two plants using a Li-6200 portable photosynthesis system (LI-COR, Lincoln, NB) in April 1991. Initial attempts at measuring photosynthesis of appressed leaves indicated that pulling the leaves away from the tree caused relatively rapid reductions in photosynthetic rate. Consequently, the plants measured for light responses were individuals growing up small diameter trees with parts of the leaves that were not appressed, and which therefore could be measured without substantial disruption of their current microenvironment. Photosynthetic rates of these plants remained steady and were comparable to rates of appressed leaves upon first removal from the bark. Photosynthesis methodology followed that of Oberbauer et al. (1993) . A tungsten halogen projector bulb operated from a 12-V gel cell battery was used as a light source. Different light levels were obtained by placing neutral-density screening between the bulb and the plant. Light curves consisted of 14-16 points each. Temperatures during measurement ranged from 30.5Њ to 31.5ЊC. The data were fit to a nonrectangular hyperbola function (Lieth and Reynolds, 1987) , and the resulting model was used to estimate carbon gain for different leaf orientations from PPFD frequency distributions. No attempt was made to correct estimates for induction times or transient peaks in photosynthesis in response to sunflecks (Chazdon, 1988) .
In addition to the sensor measurements of PPFD, hemispherical photographs were taken at positions adjacent to leaves of in situ vines. The percent of canopy cover and the amount of potential direct and diffuse light for vertical and horizontal leaf orientations were calculated from these photographs using the microcomputer program HEMIPHOT (Ter Steege, 1993) . For these diffuse-light calculations, a standard overcast sky condition (SOC) was assumed. Calculations were based on 7 d that span the range of solar angles throughout the year. Photographs were taken with an Olympus OM-1 camera with a Spiratone hemispherical lens mounted on a Zuiko 50-mm lens. This lens, although of lesser optical quality than more expensive lenses, is small and allowed the camera to be placed very close to the trunk of the tree. Two sets of photographs were taken adjacent to leaves of Monstera growing in situ against tree trunks. In the first set (June 1994), photos were taken as pairs: one photo was taken with the plane of the film horizontal (perpendicular to the leaf) and one with the plane of the film vertical (parallel to the leaf) with the lens facing in the direction of the leaf azimuth. In the second set (August 1994), photos were taken with the plane of the film horizontal (perpendicular to the leaves) and the camera oriented so that North could be located on the film. Negatives were scanned as gray-scale images using a Nikon Coolscan slide scanner (Nikon Electronic Imaging, Melville, NY) and converted to black-and-white positive images before use in HEMIPHOT.
RESULTS

Quantum sensor and photosynthesis measurements-
The sensor measurements demonstrated that horizontally placed leaves would receive higher average photosynthetic photon flux densities than shingle leaves (vertical), and that the difference between horizontal and vertical leaves increased sharply with increasing height above the ground (Fig. 2) . Differences between horizontal and vertical sensors were significantly different by paired t test (N ϭ 5 plants) . Fig. 3 . Data points and nonrectangular hyperbola model fit to photosynthetic light response curves for two Monstera tenuis leaves. Parameters for nonrectangular hyperbola model are: light-saturated photosynthetic rate (A max ) ϭ 2.32; apparent quantum yield (Q) ϭ 0.067; dark respiration rate (R dark ) ϭ Ϫ0.25; rate of bending () ϭ 0.86. at all three heights for which there were pairs of sensors (P Ͻ 0.05, N ϭ 5 plants). Greater mean PPFD on the horizontal sensors was due both to higher diffuse light and to a greater proportion of light as sunflecks (PPFD Ͼ 50 mol photons·m Ϫ2 ·s Ϫ1 , Table 1 ). These differences translate into substantial differences in potential daily leaf carbon gain. Photosynthesis of in situ leaves became light saturated at relatively low PPFD, i.e., 100 mol photons·m Ϫ2 ·s Ϫ1 (Fig. 3) . However, because, very little of the incoming PPFD was above the saturation level (Table 1) , differences in potential carbon gain for the two orientations were similar in proportion to those of incoming PPFD (Fig. 4) .
Canopy photographs-Hemispherical photographs taken horizontally and vertically adjacent to leaves in
June 1994 confirmed the quantum sensor measurements. Percent cover in the photographs was significantly lower for vertical leaves than for horizontal leaves (96.73 vs. 93.63%, N ϭ 9, P Ͻ 0.0001 by paired t test). Estimates of direct, diffuse, and total PPFD for horizontal and vertical leaves based on analysis of horizontal photographs taken in August 1994 were also in agreement with sensor data. These results suggest that horizontal leaves should receive more than twice the PPFD of vertical leaves (4.0 vs. 1.7 mol photons·m Ϫ2 ·s Ϫ1 , N ϭ 33, P Ͻ 0.0001, by paired t test). Differences between measured values and photo estimates probably occurred because photo analyses do not account for reflected light or for clouds obscuring direct light.
To determine the optimal leaf angle for in situ vines, we used HEMIPHOT to calculate the intercepted light at different leaf angles for the horizontal hemispherical photos taken adjacent to vines in August 1994. Solar angle, a function of latitude, and leaf azimuth determine the optimal leaf angle under open-sky conditions. This baseline optimal leaf angle is modified by the shade of the supporting tree and canopy. For a north-facing leaf under open sky at this latitude, PPFD interception is maximum at 0Њ, decreases to a minimum at 60Њ (34% of the maximum), and then increases up to 68% of the maximum at 90Њ. For a south-facing leaf, light interception is 86% of the maximum at 0Њ, increases to the maximum near 50Њ, then decreases to 58% of the maximum at 90Њ. Southfacing leaves also have a higher total PPFD intercepted than north-facing leaves. East-or west-facing leaf azimuths are intermediate between these extremes.
Analysis of the hemispherical photos indicated that the optimal angle for maximum PPFD interception was horizontal for all leaves because of the reduction in direct light by the canopy (Fig. 5) . For northward-facing leaves (leaf azimuths Ͻ90Њ and Ͼ270Њ), total PPFD declined with increasing leaf angle until 70Њ, above which PPFD increased, largely due to differences in direct light. For southward-facing leaves (leaf azimuths Ͼ90Њ and Ͻ270Њ), leaf angle had little effect on total PPFD at angles below 30Њ. Above 30Њ, PPFD declined, again largely due to differences in direct PPFD.
Although direct PPFD should be somewhat greater on the south side of trees, plants of Monstera tenuis do not typically grow around a tree to the south side. Nor is there a south-side bias in the location of plants. The azimuth of 113 plants did not significantly differ from a uniform circular distribution ( 2 ϭ 17.1, P Ͼ 0.05) based on a chi-square test (Zar, 1984) .
DISCUSSION
The quantum sensor measurements support the hypothesis that the vertical orientation of shingle leaves reduces the light interception relative to horizontal leaves. They also suggest that as a vine grows higher in the canopy, the difference between horizontal and vertically oriented leaves becomes greater, a conclusion consistent with the observation that many shingle-leafed species shift to leaves with horizontal orientations as they grow higher in the canopy. The sensor measurements, however, have some uncertainty in that the cosine response of GaAsP sensors declines at angles Ͼ70Њ (Pearcy, 1989) . Vertical sensors may underestimate PPFD from high solar angles and horizontal sensors may underestimate PPFD from low solar angles. This underestimation may have contributed to the differences measured for vertical and horizontal leaves. The effect for vertical sensors should be diminished, however, by shading from the crown of the supporting tree at high solar angles. Moreover, the importance of the sensor cosine response at high angles is not supported by the photographic estimates, which predict even larger differences between horizontal and vertical leaves than those measured by the quantum sensors.
Both photographic estimates and quantum measurements support the idea that shingle leaves reduce potential carbon gain. Photosynthetic modeling suggests that leaves at 1.0 m height would have 75% greater carbon gain, although photosynthetic estimates include some uncertainty in addition to that from the sensor measurements. The transient responses of photosynthesis to light variation were not considered in the modeling, which would tend to overestimate photosynthesis during sunflecks (Chazdon and Pearcy, 1986; Chazdon, 1988) . Likewise, applying a frequency distribution with relatively wide increments (25 mol photons·m Ϫ2 ·s
Ϫ1
) to a concave function such as a photosynthetic light response tends to underestimate carbon gain because of Jensen's inequality (Feller, 1966) . However, much of the difference in carbon gain was due to relatively low PPFD, where transient responses would be less important and the photosynthetic light response is relatively linear.
The photosynthetic cost of vertical leaves may also be lower than measurements suggest if Monstera leaves have epidermal features such as lenses (Bone, Lee, and Norman, 1985; Vogelmann, 1993) , that would allow the leaves to absorb radiation intercepted at an angle more effectively than a simple flat surface. The conical shape of the adaxial epidermal cells of Monstera tenuis is compatible with a lense function (Oberbauer, unpublished data) . However, such a mechanism is probably not sufficient to overcome the large differences between vertical and horizontal orientations when heights above the ground exceed a few metres.
Near the forest floor, the differential in PPFD between sensor orientations is relatively small, in part because of [Vol. 85 AMERICAN JOURNAL OF BOTANY the shade of the supporting tree on the horizontal sensors. The hypothesis by Givnish and Vermeij (1976) that shingle leaves are an adaptation to avoid the shade of the tree trunk implies that light interception should be greatest at leaf angles other than horizontal. However, our photographic measurements indicated that horizontal leaves have the highest PPFD interception of any leaf angle. For south-facing leaves, very little difference in total PPFD was found for leaf angles between 0Њ and 40Њ, but at higher leaf angles, PPFD declines sharply. Most of the differences in PPFD with increasing leaf angle are due to changes in direct light.
The findings of this study are consistent with the idea that Monstera shingle plants are low-light specialists. Aside from a large decline between leaf angles from 0Њ to 10Њ, diffuse light is relatively constant with increasing leaf angle (Fig. 5) . Furthermore, the low maximum assimilation rate and light saturation point of the photosynthetic light responses of M. tenuis are consistent with the use of low levels of PPFD. The absence of a directional bias in plant position also supports this idea. Recent studies have shown that even leaves of some tropical tree seedlings within light gaps are oriented to maximize interception of diffuse rather than direct light (Ackerly and Bazzaz, 1995) .
Presumably, because these plants are growing in a light-limited environment, the costs of shingle leaves in terms of reduced carbon gain is outweighed by other benefits of vertical leaf orientation or costs of horizontal orientation. Shingle leaves might offer several advantages (Lee and Richards, 1991) . In his monograph of the genus, Madison (1977) argued that the shingle plant form is an adaptation to conserve water by reducing transpiration. Shingle leaves may function to trap respiratory CO 2 from the supporting tree, thereby increasing photosynthesis (Lee and Richards, 1991) . Vertical leaves also may avoid damage from abundant falling canopy debris Clark, 1989, 1991) . Vertical leaves present a smaller interception surface for downward-drifting propagules of colonizing epiphylls and rain drops that leach foliar nutrients. In shingle-leaf Monstera, the terminal bud and young adventitious roots are protected beneath shingle leaves (Goebel, 1900, cited in Lee and Richards, 1991) . Shingle leaves and the roots they cover may absorb nutrients in stem flow down the tree trunk. Construction costs of shingle leaves may be less than horizontally displayed leaves, which need strong petioles to support leaves while minimizing self-shading.
Thus, for M. tenuis, the loss in potential carbon gain by vertical leaves must be considered in the context of other advantages of the shingle-leaf growth form. A determination of which of these possible advantages outweighs the costs of reduced light interception awaits further investigation.
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